INTRODUCTION

Overview
Beginning with the structure of myoglobin 50 years ago 1 , X-ray crystallography has been used to generate atomic models of proteins that inform scientists about their structure and function. However, it was not until the photosynthetic reaction center was determined in 1985 that the structure of an integral membrane protein extracted from its natural source was determined at atomic resolution 2 . It was over a decade more before a membrane protein obtained from heterologous expression, the potassium channel KcsA 3 , was crystallized and its structure solved. The relative difficulty for obtaining membrane protein structures is largely a result of the difficulties associated with generating the milligram quantities of pure, monodisperse membrane protein generally required for crystallization 4 . Furthermore, it is imperative that the protein is stable in a discrete fold and oligomeric state over the lifetime of crystallization, which may be hours to over a year, in some cases. Overwhelmingly, we find that the greatest predictor of success in crystallization is the preparation of a pure, homogeneous and stable protein solution. Based empirically, we have found useful criteria to be 498% pure, 495% homogeneous and 495% stable when stored unconcentrated at 4 1C for 2 weeks or when stored concentrated (i.e., the concentration used for crystallization experiments) at 4 1C for 1 week. Typically, 2 mg of protein meeting these criteria per preparation of protein is a useful starting point for crystallization screening, i.e., a final purified protein sample of 200 ml at 10 mg ml À1 protein concentration. The protocol described here is aimed at meeting these criteria as the requisite for crystallization.
The protocol begins with heterologous expression of the target protein and then proceeds through cell membrane isolation, solubilization, purification, identification of conditions suitable for crystallization of the target membrane protein and the refinement of these conditions to improve crystal size and quality. Protocols for membrane protein crystallography are most often found accompanying the publication of specific targets. In these instances, the scope of a given protocol is generally limited to one particular protein. Even when extremely detailed, these protocols rarely give insight into the evolution of the protocol, failing to explain how the conditions for expression, solubilization, purification or crystallization were arrived at. Alternatively, there are general reviews that provide excellent overviews of the process of membrane protein crystallization. These works, however, do not usually serve as practical guides to direct crystallographers at the bench. The protocol described here is intended to provide enough experimental detail to serve as a practical guide. At the same time, we constructed the protocol to be adaptable to different protein systems by identifying potential impedances on the path to obtaining membrane protein crystals as well as emphasizing variables that should be optimized to overcome these obstacles.
Applications and limitations
This protocol focuses on the crystallization of membrane proteins heterologously expressed in Escherichia coli. However, bacterial expression systems may be unsuitable for expressing membrane proteins when the system cannot provide the folding machinery, post-translational modifications or specific lipid environment 5 required for functional protein production. Although generally more expensive and more difficult to manipulate than E. coli, alternative expression systems, especially for producing eukaryotic membrane protein targets, may be better suited to meet these needs. Pichia pastoris yeast [6] [7] [8] [9] , Saccharomyces cerevisiae yeast 10, 11 , and Sf9 insect cells 12 have all been used to produce membrane proteins for X-ray crystal structures. In addition, human embryonic kidney (HEK293S GnTI À ) cells that can be grown in suspension cultures have great potential for expressing eukaryotic membrane proteins 13, 14 . Regardless of what expression system is used, the same purification and crystallization principles apply. In that respect, the protocol presented here can be applied to membrane
BOX 1 | SCREENING FOR AN APPROPRIATE DETERGENT FOR PROTEIN SOLUBILIZATION
TIMING 2 D
Thaw the frozen membranes obtained in
Step 16 on ice. m CRITICAL STEP All steps should be carried out on ice or at 4 1C. All buffers should be maintained at 4 1C. 2. To determine the appropriate concentration of membranes in suspension, remove a 10-ml sample of the resuspended membrane from Step 16 of PROCEDURE. 3. Make 10 twofold serial dilutions (i.e., 1Â, (1/2)Â, (1/4)Ây (1/512)Â) of the resuspended membrane. Load the samples and molecular weight standards on a 4-20% (wt/vol) Tris-Glycine gel and run in SDS-PAGE gel running buffer. m CRITICAL STEP Do not boil the samples before loading on the gel. All samples should be stored at 4 1C until just before running of the gel. At this point, the 2Â SDS protein loading dye should be added. 4 . Transfer the gels with a Trans-Blot SD semidry electrophoretic transfer cell according to the manufacturer's instructions. 5. Blot the membranes with an anti-His antibody conjugated with horseradish peroxidase according to the manufacturer's instructions and visualize with the SuperSignal West Pico Chemiluinescent Substrate. 6 . Identify the most dilute sample that still produces a signal by western blotting. Dilute the membranes so that they are eight times more concentrated than the weakest signal on the western blot. This ensures that 25% of the target protein will be detectable by western blot if solubilized by a particular detergent. 7. On ice, aliquot 150 ml of the resuspended membrane from Step 22 fraction into six 1.5-ml ultracentrifuge tubes. 8. To each of the tubes, add 150 ml of one of the following solubilization buffers: OG, DDM, LDAO, CHAPS, FC-12 and SDS (see REAGENT SETUP). m CRITICAL STEP To avoid the production of foam, do not vortex the solubilization mixtures at any time, mix by gently pipetting up and down. 9. Add a magnetic stir bar (7 mm Â 2 mm) and agitate the mixtures using a magnetic stir plate for 12-18 h at 4 1C. The amount of time necessary for solubilization may be far less than this and can be optimized down to as little as 1 h once an appropriate detergent has been selected. 10 . Remove the magnetic stir bar from the solubilization mixture. Take a 10-ml sample for analysis by SDS-PAGE and store at 4 1C. 11. To pellet the unsolubilized material, centrifuge the remainder of the sample for 30 min at 100,000g and 4 1C. 12. Remove the supernatant from each tube taking care not to disturb the pellet and transfer it to another clean, chilled 1.5-ml tube. 13 . Mix the contents of each tube by gentle pipetting up and down. Take a 10-ml sample for analysis by SDS-PAGE. 14. Run a gel of each sample from Steps 10 and 13 and perform a western blot. Refer to Step 42 of the protocol for details on gel running and western blot conditions. Refer to the section on solubilization and Figure 2c to guide selection of the most suitable detergent. ? TROUBLESHOOTING Figure 1 | Workflow for generating membrane protein crystals. Ion-exchange chromatography can be incorporated into the process but is not absolutely necessary for purification. Screening for a suitable detergent for solubilization is not performed for every protein preparation but rather typically only once at the beginning of efforts to purify and crystallize a membrane protein.
protocol more transparent, some sections are accompanied by additional text in the Experimental design that highlights key parameters that require optimization. In some cases, alternatives to the methods presented are also provided. There are many excellent overviews of membrane protein crystallography that can be consulted for a comprehensive discussion of the method 4, [39] [40] [41] [42] [43] [44] .
Designing and cloning constructs.
As immobilized metalaffinity chromatography (IMAC) is an effective first step in protein purification 45, 46 , constructs are cloned with a cleavable N-or Cterminal poly-histidine tag. If a protein is predicted to have a signal sequence, N-terminal tags should be avoided; the tag may interfere with proper targeting of the protein or be cleaved during signal sequence processing. The pET E. coli expression vectors that are T7 RNA polymerase promoter driven 47 and isopropyl-b-D-thiogalactopyranoside (IPTG) inducible are useful for the generation of expression constructs 47 . Alternatively, the pBAD vector system for E. coli expression uses arabinose induction 48 and has been implemented successfully for the production of membrane proteins for X-ray studies 49 . These plasmids can encode either an N-or Cterminal thrombin-cleavable 6Â histidine tag. There is evidence that adding an N-terminal fusion protein can increase the amount of protein heterologously expressed in the membrane. Examples include maltose-binding protein, glutathione-S-transferase 50 , the PelB leader sequence 51 and the membrane-integrating sequence for translation of integral membrane constructs (Mistic) 52 .
Expression system. Escherichia coli is traditionally the system of choice for structural biologists to heterologously produce protein for X-ray studies. It is inexpensive, easy to manipulate (e.g., transform, culture and harvest protein from) and is capable of producing milligram quantities of protein from culture sizes on the order of tens of liters 53 . Also, a few published structures indicate that E. coli can be used to produce not only prokaryotic membrane proteins for structural studies, but also eukaryotic membrane proteins 38, 54 . To aid in membrane protein expression, a strain was selected by Miroux and Walker 55 on the basis of its ability to overproduce membrane proteins. This is the strain predominantly used in our laboratory for expression of membrane proteins. In addition, E. coli is amenable to growth in a variety of temperatures and media conditions that can affect the quality and quantity of the protein being heterologously expressed 56 . A reduction in the growth temperature or change in media conditions, for example, can alter the expression product from being an improperly folded aggregate (inclusion bodies) to being correctly folded and inserted into the membrane.
Membrane preparations. We routinely isolate the membrane fraction of E. coli during protein preparations; although this is not absolutely necessary 57 , it is strongly recommended. Ideally, immediately after harvesting, the cells are lysed and the membranes are isolated by centrifugation. In addition to enriching for membrane proteins, this separates the membrane fraction from the soluble proteins that can degrade target proteins through proteolysis. As the target protein is in the membrane pellet, it does not need to be purified away from the soluble components, as they are discarded in the supernatant after the membrane fraction is harvested by centrifugation.
Solubilization. For purification and crystallization, membrane proteins need to be extracted from the lipid membrane in which they were expressed with a detergent. For most expression systems, this extraction is performed on the isolated membrane fraction. However, in HEK293S cells, membrane proteins can be extracted from whole cells using detergent 14 . Whether solubilizing from membranes or from whole cells, the goal is to yield a water-soluble protein-detergent-lipid complex (PDLC) (Fig. 2a) than others (Fig. 2b) 58, 59 . Most of these detergents are available with a variety of hydrocarbon chain lengths, allowing fine-tuning of the size and stability of the PDLC 41 . The ability of a particular detergent to solubilize a membrane protein can be assessed by comparing the amount of the target protein present in the solubilized membrane fraction before the high-speed spin with the amount of protein present in the supernatant after the spin. Unsolubilized material will be pelleted during this spin. The material that remains in the supernatant is detergentsolubilized protein and can be taken through purification, characterization and crystallization. Therefore, a western blot of samples from the supernatant before and after the high-speed spin will give an indication of how much material was retained in the supernatant (i.e., solubilized). On comparison, the intensity of the band corresponding to the target protein in the before-spin sample will be the same as the corresponding band in the after-spin sample in the instance where the majority of a target is solubilized (Fig. 2c) . The ideal detergent extracts all of the membrane protein target from the membrane, maintains the native fold of the protein and forms a PDC that is stable throughout purification and crystallization, as determined by analytical SEC. Less than complete extraction (Fig. 2c) is acceptable if the solubilized protein is stable throughout the purification and crystallization steps.
The concentration of detergent required for solubilization will depend, in part, on the critical micelle concentration (CMC) of the particular detergent, the concentration at which detergent monomers begin to self-associate to form micelles 60 . Concentrations well above the CMC are usually used for solubilization to ensure that a sufficient amount of detergent is present to saturate the bilayer, disrupt the bilayer and form micelles of lipid and detergent to extract the target protein from the membrane. The concentration of detergent will also depend on the protein system being studied. The ideal concentration of detergent in the solubilization, purification and/or crystallization buffers are empirically determined. Some suggestions for concentrations of commonly used detergents are listed in REAGENT SETUP.
It is not necessary to use the same detergent throughout the entirety of a crystallization experiment. The detergent used for solubilization does not necessarily need to be the same one used for purification and crystallization. A longer chain detergent used to extract the protein from the lipid membrane can be exchanged for a shorter chain detergent during the first step of affinity purification. The longer chain detergent may help to recover a greater percentage of the membrane protein from the lipid bilayer, whereas the shorter chain detergent may help to form a more compact PDC that is more amenable to crystallization. In addition, it may be beneficial to have a mixed detergent micelle composed of multiple detergents and/or lipids 61 . There are even examples of proteins in bicelles composed of detergent and lipids 62 . More in-depth discussions of detergents in solubilization, purification and crystallization can be found elsewhere [40] [41] [42] [43] [44] 60, 63 .
Immobilized metal affinity chromatography.
Immobilized metal-affinity chromatography is an efficient, relatively inexpensive method for the first step in a purification protocol 45, 46 . During the process of obtaining membrane protein crystals, IMAC will inevitably be performed multiple times. Slight adjustments in the number of imidazole wash steps and the concentration of imidazole in each wash step should be made to maximize the yield and purity of the target protein obtained after this first step of purification. Careful monitoring of each fraction by western blotting is necessary to ensure that the target protein is bound to the metal affinity resin and also that the protein is not being eluted prematurely in the imidazole wash steps. In the initial purifications performed on a membrane protein target, the protein purified by IMAC should be carried through the cleavage and size-exclusion steps of the protocol regardless of low purity or poor yield. Valuable information can be obtained from these subsequent steps despite the presence of contaminant proteins or limited amounts of material.
Cleavage of the affinity tag. There are a few added considerations for membrane proteins when cleaving an engineered affinity tag by proteolysis. First, the presence of the detergent micelle surrounding the target protein may occlude access to the cleavage site by the protease. Second, there is evidence that the presence of certain detergents may inhibit the activity of various proteases 64 . The former complication, if encountered, can be overcome by placing the tag at the opposite terminus of the protein or by adding a linker sequence to serve as a spacer between the cleavage site and the protein. The latter complication can sometimes be overcome by increasing the recommended amount of protease by as much as 5-10 times. Alternatively, the gene can be cloned into a vector that uses an alternate cleavage site specific for a protease that is not affected by the presence of the detergent being used.
Size-exclusion chromatography. Size-exclusion chromatography is useful for further purification of proteins after IMAC and cleavage of the affinity tag. Every membrane protein crystallized in our laboratory has been subject to SEC during purification [32] [33] [34] [35] [36] [37] [38] ( Table 1) . SEC is also a powerful tool in assessing the homogeneity, stability and purity of a protein target. oligomeric state and dispersion of the PDC (Fig. 3) . A sharp, Gaussian peak with a retention time that corresponds to the mass of the correct biological oligomeric state is ideal. Although making a protein meet these criteria does not absolutely prove homogeneity, it is an excellent indicator [65] [66] [67] [68] . The oligomeric state can be inferred by comparing the retention time of the target protein-detergent complex to those of size-exclusion molecular weight standards. Some caution needs to be exercised when performing this, as standards for size-exclusion columns are soluble proteins or small molecules, whereas membrane proteins are in complex with detergent molecules that may potentially expand the hydrodynamic radius 60 . As size-exclusion chromatography separates proteins on the basis of their hydrodynamic radius, membrane proteins can run at molecular weights higher than would be predicted. A final consideration is that the matrix composing the sizeexclusion column is not inert. The PDC may interact with the column matrix, altering the retention time of the protein on the column. The basis of this interaction can be either electrostatic or hydrophobic in nature and may occur between the matrix and either the protein or the detergent components of the PDC 42 . Although the presence of salt in the size-exclusion buffer helps to reduce potential electrostatic interactions between the PDC and the matrix, having different size-exclusion columns in hand that are composed of differing matrices can be helpful in overcoming these problems.
Ion-exchange chromatography. Ion-exchange chromatography is a purification method that separates molecules on the basis of their charge state at a given pH. Similar to SEC, IEC is a useful purification method after IMAC and cleavage of the affinity tag. A target protein that is stable in its native tertiary and quaternary structure can be expected to be present in a single, median overall charge state and therefore will ideally elute from the IEC column in a single Gaussian peak. IEC can be used as a final purification step after IMAC and SEC. Alternatively, it can replace size exclusion as the second and final step in the purification process. If the latter route is chosen, analytical amounts of the protein should still be injected onto a size-exclusion column as a further assessment of the quality of the protein.
Ion exchange is also useful for concentrating the protein sample. A sample containing protein at a low concentration in a large volume can be loaded onto the column and then eluted in a single, more concentrated fraction. In addition, detergents can be exchanged at this stage. While the protein is immobilized on the resin, it can be extensively washed with a buffer containing an alternative detergent.
Concentration and dialysis.
To achieve the supersaturated solutions necessary for successful crystallization experiments, the protein solution needs to be concentrated; this should be carried out after the purification steps. The stability of the protein as a function of concentration should be monitored by analytical SEC. There are a few considerations when concentrating solutions of pure PDC. The most important is that during concentration of the protein, free detergent micelles that are large enough will be retained with the PDC. This accumulation of free micelles will increase the amount of phase separation that occurs in the crystallization trials, which can inhibit crystal formation.
Dialysis of the concentrated protein against a buffer that contains the minimal amount of detergent necessary to keep the protein in solution may also reduce the amount of excess detergent present in the protein sample used for crystallization. Dialysis is not always an absolute requirement for a membrane protein to crystallize. However, given the possibility of detergent micelles accumulating with the protein during concentration, it is advantageous to dialyze the protein to start with a known concentration of detergent before crystallization. It is important to note that detergents dialyze to equilibrium at different rates. Detergents that have an extremely low CMC (e.g., N-dodecyl-b-D-maltopyranoside) will not dialyze as easily as those with a higher CMC (e.g., octyl-b-
Phase separation in crystallization trials.
The presence of detergent in the purification and crystallization buffers can complicate crystallization efforts. The tendency of detergent micelles to partition out of aqueous solution at high enough precipitant concentrations can introduce a separate detergent-rich phase in the crystallization drop 60, 63 . This phenomenon, called phase separation, can inhibit crystal formation or cause variable results from trial to trial. This variability will hamper efforts to optimize or reproduce crystallization conditions. Efforts should be made to minimize significant phase separation observed in the drop during crystallization.
There are a few key areas where excess detergent can accumulate in the protein sample resulting in unnecessary phase separation during crystallization. The first is during size exclusion. Although not totally homogeneous, free detergent micelles in the purification buffer will elute in a single peak from the size-exclusion column 69 . If the peak containing the free detergent micelles overlaps with the peak containing the target PDC, there will be an enrichment of detergent in the protein sample leading to greater phase separation in crystal trials. It can be difficult to determine if this overlap of peaks is occurring, as most detergents do not absorb at 280 nm, the wavelength monitored during protein purification. Accumulation of free detergent micelles can also occur when concentrating the protein before crystallization. Regardless of the type of concentration device being used (centrifugal filter device or a stirred ultrafiltration cell), there are generally a variety of molecular weight cutoffs available to choose from. To avoid concentration of detergent micelles during this step, use a concentrator with the largest molecular weight cutoff possible that will retain the target protein.
Frequently interrupting the concentration process to mix the protein solution by gentle pipetting can also help to minimize the accumulation of free micelles during protein concentration with a centrifugal filter device.
Sparse matrix screening. If there is no previous information about the crystallization of the target protein (or proteins closely related to the target protein), the hanging-drop vapor diffusion technique is used in a 96-well format on a 200-300 nanoliter scale. The goal of the initial screen is to identify a buffer condition from a sparse matrix screen that will yield crystals of the target PDC. Sparse matrix screens allow sampling of a broad range of conditions that have been selected on the basis of previous success in producing protein crystals suitable for X-ray diffraction studies 70 . The use of a robot to dispense crystal drops on a small scale makes screening less labor intensive and requires less protein sample than setting drops by hand on a microliter scale. In addition to sparse matrix screening, screens that are more systematic with respect to pH as well as precipitant type and concentration can be used.
We use a number of commercially available screens: MemStart, MemSys, MemGold, CP-Custom-IV and the Classics, PEGs, PEGsII, MbClass and MbClass II Suites. MemStart and MemSys are screens that contain 48 conditions each and can be combined to form a 96-condition screen. MemStart is a sparse matrix screen, whereas MemSys is a systematic exploration of pH, salt concentration/type and precipitant concentration/type. MemGold is a rationally designed 96-well screen based on the conditions that have successfully generated a-helical membrane protein crystals used to solve X-ray structures 59 . All of the screens besides Classics are heavily biased toward polyethylene glycol (PEG) precipitants because PEG is overwhelmingly the most successful precipitating agent in membrane protein crystallization experiments 58 . The effect of pH, salt and precipitants on crystallization have been covered extensively elsewhere 43, 70 .
Grid screens. Although there are examples of crystals suitable for X-ray diffraction experiments being harvested from drops that are hundreds of nanoliters 71 , we still find it necessary in most cases to translate the initial crystal hits to microliter-sized drops. To reproduce the crystal hit identified in the sparse matrix screen, a broad grid screen is set around the crystallization hit to optimize for pH, precipitant concentration and salt (Fig. 4a) . A broad grid screen is often necessary to reproduce the initial hit. This is due to the differences in the kinetics of mixing, vapor diffusion and crystallization that arise from the different drop sizes used in the sparse matrix screens and the grid screens.
Once the initial crystal hit has been reproduced, the grid screen focuses on a narrower range of pH, precipitant and salt concentrations (Fig. 4b) . The breadth of the screen is designed to encompass a large area of crystallization space around the initial hit to increase the chances of reproducing the hit on the microliter scale. Figure 4 is intended to illustrate the concept of the grid screen. The actual increments and breadth for any parameter being optimized can be altered at the discretion of the crystallographer. The overall goal at this stage is to refine the conditions of the well solution to minimize nucleation and maximize crystal size and quality. Information gained from the broad grid screen should be used here to direct the focus of the screen. The variables having the largest impact on reducing nucleation and increasing crystal size should be varied (Fig. 5) ; those having little effect over the range of conditions explored in the broad grid screens should be held constant or eliminated from the well solution if not necessary for crystal formation. Although not always necessary, introduction of detergent or glycerol into the well solution at a concentration similar to that contained in the protein buffer condition can help to stabilize the protein in the crystallization drop and aid refinement of conditions. For example, inclusion of 40 mM OG into the well solution for a PDC purified in the same concentration of that detergent can help to reduce the amount of amorphous precipitation in the crystallization drop.
Additives. When optimization with grid screens alone fails to generate crystals that diffract at high resolution, an additive screen can be helpful to improve the diffraction limit. To conserve sample, we generally perform this additive screen on the nanoliter scale using robotic dispensing of solutions. The following screens are available in 96-well format from Hampton Research: the Additive Screen, Detergent Screen and Silver Bullets screen 72 . There is also evidence in some cases 8, 73 that the addition of specific lipids to crystallization conditions helps to improve diffraction limits. Once a suitable additive is identified, a focused grid screen on the microliter scale is performed to find the optimal well condition in the presence of the additive.
Choosing a cryoprotectant.
When data are collected under cryogenic conditions, choosing an appropriate cryoprotectant is imperative. In some cases, the crystallization drop itself may contain sufficient concentrations of precipitant (e.g., PEG400) or additive (e.g., glycerol) that can act as a cryoprotectant. If this is not the case, guidelines for selecting and assessing the quality of a cryoprotectant have been covered elsewhere and are not included here 74 .
Improving crystal quality.
It may take multiple stages of optimization to obtain crystals that yield a diffraction pattern suitable for data collection and structure determination. Besides the steps detailed in the protocol and in Figure 6 , we often treat crystals after crystallization to help in improving diffraction 75 . Gains in crystallization and diffraction limits can also be achieved through limited proteolysis 76 , co-crystallization with antibodies 77, 78 , generating new constructs of truncated versions of the protein or pursuing species homologs. We generally only pursue these experiments when the options detailed in this protocol have been exhausted.
It is also important to note that there are a variety of different crystallization techniques besides hanging-drop vapor diffusion that can be used for screening or for optimization after an initial crystallization condition has been identified. Lipidic cubic phase 79, 80 , sitting-drop vapor diffusion and crystallization under oil (e.g., microbatch) have all been used successfully to obtain membrane protein structures 42 . Capillary counterdiffusion 81 and microfluidic chips [82] [83] [84] have also attracted attention as a viable method for the crystallization of proteins. . 96 9| Discard the supernatant. Record the weight of the pellet. ' PAUSE POINT The cells can be frozen at this point and stored at À80 1C, but continuing to Step 10 before freezing is recommended. Freezing at this point may negatively affect protein quality, and tolerance for storage should be determined empirically for each target protein.
MATERIALS
Preparing membranes from E. coli TIMING 4 h 10| If cell pellets were not frozen, proceed to Step 11. Thaw frozen cell pellets on ice. m CRITICAL STEP All steps should be carried out on ice or at 4 1C. All buffers should be maintained at 4 1C.
11|
Resuspend the thawed cell pellet in 5 ml of cell lysis buffer for each gram of cell pellet. Agitate with a magnetic stir bar at 4 1C until the suspension is homogeneous.
12| Lyse the cells with 3-5 passes through an EmulsiFlex-C5 or C3 microfluidizer at 10,000-15,000 psi. The apparatus should be cooled to 4 1C with a circulating water bath. Take a 10-ml sample of the lysate for analysis by SDS-PAGE and store at 4 1C.
13| Centrifuge for 30 min at 15,000g and 4 1C to pellet unlysed cells and cellular debris.
14| Remove the supernatant taking care not to disturb the pellet and transfer it to a clean, ultracentrifuge tube chilled on ice. Take a 10-ml sample of the supernatant for analysis by SDS-PAGE and store at 4 1C.
15|
To pellet the membrane fraction, centrifuge the supernatant from Step 14 for 2 h at 200,000 and 4 1C and discard the supernatant. Tare the tubes before centrifuging and record the weight of the pellet after the supernatant is discarded.
16| Add 1 ml of membrane resuspension buffer for every gram of membrane pellet. A paintbrush is useful for helping to resuspend the membrane fraction. Subsequent agitation with a magnetic stir bar helps to yield a homogeneous suspension. If an appropriate detergent for solubilization of the membrane protein needs to be determined, refer to Box 1. If a suitable detergent has already been determined, proceed to Step 17. ' PAUSE POINT The resuspended membrane fraction can be stored at À80 1C at this point or can be solubilized immediately. Freezing at this point may negatively affect protein quality and tolerance for storage should be determined empirically for each target protein.
Solubilization TIMING 4-24 h
17| Thaw the frozen membranes on ice. m CRITICAL STEP All steps should be carried out on ice or at 4 1C. All buffers should be at 4 1C.
18|
Resuspend the membrane pellet at the appropriate dilution in the solubilization buffer determined by following the procedure in Box 1. A paintbrush is useful for helping to resuspend the membrane fraction into solution. Subsequent agitation with a magnetic stir bar helps to yield a homogeneous suspension.
19| Transfer the solubilization mixture to a clean, chilled beaker and agitate the resuspension with a magnetic stir bar in the cold room for 12-18 h at 4 1C. Take a 10-ml sample for analysis by SDS-PAGE at the end of this time. The amount of time necessary for solubilization may be far less than this and can be optimized down to as little as 1 h once an appropriate detergent has been selected.
20|
Transfer the solubilizaton mixture to a clean, chilled ultracentrifuge tube and pellet unsolubilized material by centrifugation for 2 h at 200,000g and 4 1C.
21|
Remove the supernatant from each tube taking care not to disturb the pellet and transfer it to a clean, chilled 50-ml Falcon tube. Take a 10-ml sample of the supernatant for analysis by SDS-PAGE and store at 4 1C.
Nickel affinity purification TIMING 3-4 h 22| Prepare the appropriate amount of Ni-NTA agarose resin according to the manufacturer's instructions. All affinity purification steps should be carried out at 4 1C with buffers chilled to 4 1C. Monitor the eluant at 280 nm.
23| Load the supernatant collected in
Step 20 onto a column containing the equilibrated Ni-NTA agarose resin. Collect and save the flow-through containing the unbound material. Take a 10-ml sample of the flow-through for analysis by SDS-PAGE and store at 4 1C. The flow-through should not contain the target protein but should be saved until this is confirmed by Coomassie gel and western blot of all the gel samples.
24| Wash the column with nickel zero buffer until the signal of the eluant at 280 nm returns nearly to baseline. 25| Wash the column with 10 mM imidazole wash buffer until the eluant at 280 nm returns nearly to baseline. Take a 10-ml sample of the elution for SDS-PAGE analysis and store at 4 1C.
26| Optional: Wash the column with nickel zero buffer until the signal of the eluant at 280 nm returns to baseline.
27| Wash the column with 25 mM imidazole wash buffer until the eluant at 280 nm returns nearly to baseline. Take a 10-ml sample of the elution for SDS-PAGE analysis and store at 4 1C.
28|
Optional: Wash the column with nickel zero buffer until the signal of the eluant at 280 nm returns to baseline.
29| Wash the column with 40 mM imidazole wash buffer until the eluant at 280 nm returns nearly to baseline. Take a 10-ml sample of the elution for SDS-PAGE analysis and store at 4 1C.
30| Optional: Wash the column with nickel zero buffer until the signal of the eluant at 280 nm returns to baseline.
31|
Reduce the flow rate of buffer through the column to minimize the volume in which the target protein is eluted.
32| Elute the protein with 300 mM imidazole wash buffer and collect the peak on the chromatogram. Take a 10-ml sample for analysis by SDS-PAGE and store 4 1C.
Removal of imidazole TIMING 30 min
33| Equilibrate an Econo-Pac 10 DG disposable chromatography column according to the manufacturer's instructions. This can take quite some time and can be started while running the affinity purification column.
34| Add 3 ml of eluate from Step 32 to the Econo-Pac column.
35| Elute the protein with 4 ml of size exclusion buffer. Take a 10-ml sample for analysis by SDS-PAGE and store at 4 1C.
36| Take an absorption spectrum reading and determine the protein yield by measuring the absorption value at 280 nm. 39| At the end of the cleavage incubation, take a 10-ml sample for analysis by SDS-PAGE and store the sample at 4 1C.
40|
Equilibrate the appropriate amount of benzamidine sepharose 6B resin according to the manufacturer's instructions.
41| Pass the Ni-purified, thrombin-cleaved protein and protease over the benzamidine sepharose 6B resin to remove the protease. Take a 10-ml sample of the flow-through for analysis by SDS-PAGE and store at 4 1C.
42|
Run two identical SDS-PAGE 4-20% (wt/vol) Tris-Glycine gels of the samples (collected in Steps 12, 14, 19, 21, 23, 25, 27, 29, 32, 35, 39 and 41) . Use one gel for Coomassie staining 85 and one for western blot. ? TROUBLESHOOTING Size-exclusion chromatography TIMING 2-8 h 43| Equilibrate a gel filtration column connected to the Shimadzu chromatography system (TSK-GEL G3000SW or Superdex200 10/300 GL) in size-exclusion buffer following the manufacturer's instructions. The size-exclusion chromatography section contains additional information on selecting and running the column.
44| Centrifuge a dilute sample (B250 mg ml À1 ) of the Ni-purified protein to be injected onto the gel filtration column for 10 min at 410,000g and 4 1C. Remove the supernatant and discard any pellet. m CRITICAL STEP Failure to centrifuge the protein sample before injection will leave aggregated or precipitated protein, if any, in the injection sample. This can clog the column, leading to increased backpressure in the purification system. 47| Inject the remainder of the Ni-purified protein. Monitor the eluate at 280 nm and collect 0.5-to 1-ml fractions. This may require multiple injections of the protein sample. Inject the maximum amount of protein allowable while still being able to resolve the target protein peak from contaminant protein peaks, if any are present.
48| Pool the fractions from the size-exclusion purification step that contain the protein as determined by the Coomassiestained gel in Step 46. The majority of the purified protein will be taken to Step 49 for crystallization. A portion of the protein will be set aside for characterization as described in Box 2.
Sample preparation for crystallization TIMING 1 d 49| Concentrate the membrane protein obtained from purification in Step 48 to 10 mg ml À1 using either an Amicon tangential-flow spin filter or an Amicon stirred cell concentrator following the manufacturer's instructions. m CRITICAL STEP For spin filters, frequently stop the concentration process and mix the sample by gentle pipetting to reduce the accumulation of free detergent micelles.
50| Set aside 200 mg of the protein for characterization by size-exclusion chromatography (Box 2).
51| Transfer the remainder of the protein from Step 49 to a dialysis apparatus (see EQUIPMENT) that has been extensively rinsed with water and size-exclusion buffer and is the appropriate molecular-weight cutoff. Place the dialysis bag into a beaker containing up to 1 liter of size-exclusion buffer at 4 1C. Place a stir bar at the bottom of the beaker and stir very gently for 24 h at 4 1C.
52|
Remove the protein from the dialysis apparatus and transfer to a clean, chilled Eppendorf tube.
53| Determine the protein concentration by measuring the absorption of the sample at 280 nm.
54| Immediately before crystallization, remove any aggregated protein or particulate matter by centrifugation in a micro-ultra centrifuge for 10 min at 75,000g and 4 1C.
55|
Remove the supernatant and transfer it to a clean, chilled Eppendorf tube.
Crystallization screen on nanoliter scale TIMING 1-2 h for setup; weeks/months to score results 56| At room temperature, dispense 100 ml of a commercially available crystallization screen (conditions 1-96) into reservoirs 1-96 of a 96-well flat-bottomed polypropylene plate. See Experimental design for a discussion on how to choose an appropriate screen. 1. Immediately after purification of the protein by size exclusion, inject 100 mg of the protein from the pooled fractions from Step 48 and repeat Step 45. m CRITICAL STEP It is imperative that the injected sample appears as a single peak that maintains the same retention time on the column and shape as the parent peak on the original chromatogram (Fig. 3d) . ? TROUBLESHOOTING 2. Store 500 mg of the protein at 4 1C and freeze a 250-mg aliquot at À80 1C. 59| Observe and score the drops immediately after they have been set as well as on days 1, 3, 7, 14, 30 and once a month after day 30 using a Leica stereomicroscope. Use the scale outlined in the table below and see Figure 5 . Also use Figure 6 to guide setups if hits are not obtained. Amorphous precipitate (Fig. 5c)  3 Granular precipitate (regular, repeating and crystalline) (Fig. 5d-f ) 4 Small crystals (o40 mm) (Fig. 5g)  5 Medium crystals (40-150 mm) (Fig. 5h)  6 Large crystals (4150 mm) (Fig. 5i) 60| Image potential crystal hits with the Korima PRS-1000 protein review station to verify that crystals are protein.
Reproducing crystal hits on a microliter scale TIMING 1-4 h for setup; weeks/months to score results
61|
To optimize the crystal hits from Steps 56-60 for precipitant concentration, pH, salt concentration and drop volume ratios, use an EasyXtal Tool 24-well crystallization plate. Set up multiple drops per well with two different drop volume ratios: 1 ml of protein and 1 ml of well solution and 2 ml of protein and 1 ml of well solution. The total volume of the reservoir of the crystal tray should be between 500 and 1,000 ml. Compose the grid screen according to Figure 4a . In general, one will need to screen higher PEG or salt concentrations from the initial nanoliter-scale screen, to replicate the crystals in the larger 24-well plate format. 67| To find the optimal well condition in the presence of the additive, set up more grid screens in the large 24-well plate hanging-drop format with the best additives/detergents/silver bullets from Step 66 as determined with the scoring method described in Step 59. Screen different concentrations of additives/detergents/silver bullets in the crystallization drop.
68| Use the highest-ranking crystals from Step 67 in X-ray diffraction experiments. If the diffraction quality is sufficient for determining a structure, stop. If not, refer Figure 6 for other options to pursue.
TIMING
Steps 1-9, expression in E. coli: Add an osmolite, such as glycerol or sucrose, to the buffer condition. If the buffer already contains an osmolite, increase the concentration in 2.5-5% increments up to 20%
Try solubilizing in a detergent within the same family but with a longer hydrocarbon tail e.g., DDM instead of DM or NG instead of OG If other detergents were identified in the detergent screen, use a detergent from a different family for solubilization and purification
Vary the salt concentration and pH of the sizeexclusion buffer (continued)
ANTICIPATED RESULTS
The core of this protocol has been used so far to crystallize a handful of membrane proteins in our laboratory ( Table 1) . As indicated by the reported quantities of expression, levels will vary greatly from target to target. Detergent solubilization can extract all, part or none of the target protein from the membrane fraction (Fig. 2c) . Perform ion-exchange chromatography on the purified sample. PDC will bind to the ion exchange column, and the micelles accumulated during size exclusion will flow through Detergent micelles are being concentrated during the protein concentration step before crystallization Use largest molecular weight cutoff concentration apparatus that will still retain the target PDC during concentration Use different ratios of protein to well solution in the crystallization drop (e.g., 2:1 or 1:2)
Box 2
Protein initially elutes in the included volume of the sizeexclusion column but is eluted in the void volume if the protein is frozen or stored at 4 1C for any length of time Protein is not stable in the buffer condition in which it is being solubilized and purified in
Add an osmolite, such as glycerol or sucrose, to the buffer condition. If the buffer already contains an osmolite, increase the concentration in 2.5-5% increments up to 20%
Try solubilizing in a detergent within the same family but with a longer hydrocarbon tail e.g., DDM instead of DM or NG instead of OG If other detergents were identified in the detergent screen, use a detergent from a different family for solubilization and purification structures published from our laboratory have been extracted in OG. This is, however, not necessarily to be expected, nor is it a prerequisite for crystallization, as membrane protein structures have been solved in other detergents 59 . Figure 3 contains examples and interpretations of size-exclusion traces for various protein targets. Deviations from ideal behavior (Fig. 3d) at this stage include aggregated protein that elutes in the void of a size-exclusion column (Fig. 3a) or a protein that yields multiple peaks due to the presence of multiple oligomeric states (Fig. 3b,c) . In our experience, proteins showing ideal behavior shown in Figure 3d have a very high probability of success in crystallization trials. Owing to the presence of detergents in the purification buffers, formation of distinct phases in the crystallization drop during trials is not uncommon. This can inhibit the formation of crystals if severe (Fig. 5d,e) . There are, however, examples of crystal nucleation and growth at phase boundaries (Fig. 5f ). Optimization of a crystallization condition should limit nucleation events and maximize crystal size (Fig. 5g-i) . The ultimate test of crystal quality, however, is the quality of the diffraction pattern ( Supplementary Fig. 1 online) . It should be understood, however, that there is a tremendous amount of attrition that occurs along the pathway to membrane protein crystallization. That is to say, a particular target may fail at any stage, i.e., protein expression, solubilization, purification or crystallization. It is impossible to ask a priori if a particular target will make it through the entire pipeline successfully or at what stage it will fail during the process. Thus, if barriers to progress are encountered when implementing this protocol as written for a given protein target, the troubleshooting section ( Table 2) should be used as a practical guide to direct variations in subsequent iterations of the protocol. 
